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Abstract 
P92 steel was normalized at 1353 K for 30 minutes followed by air cooling and subsequently tempered at 1013, 1033 and 1053 K 
for 60 minutes each followed by air cooling. The effect of tempering temperatures on the tensile properties of P92 steel has been 
investigated using automated ball indentation technique (ABI) at different test temperatures in the range of 300 K-923 K. The 
yield strength (YS), ultimate tensile strength (UTS) and strength coefficient (K) were determined and these were found to 
decrease with increase in tempering and test temperatures. The decrease in strength was attributed to the increase in M23C6 
precipitate size and lath width with higher tempering temperatures. The strain hardening exponent (n) decreased with increase in 
the test temperature which is confirmed by increased pile up around indentation. The ABI results were in good agreement with 
the results obtained from conventional tensile tests.  
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1. Introduction 
 
Ferritic/martensitic steel exhibits excellent thermal conductivity, low coefficient of thermal expansion, 
good weldability accompanied with resistance to stress corrosion cracking and oxidation; and hence they are the 
promising material for future power plant applications over austenitic stainless steel. P92 steel is the modified 
version of P91 steel with ~0.5 wt.% molybdenum and ~1.8 wt.% tungsten which improved the creep strength due to 
solid solution strengthening. The tremendous research has been carried out in order to study the microstructural and 
mechanical properties of the ferritic steels [1-8]. P92 steels exhibits tempered martensite lath structure stabilized by 
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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M23C6 type of carbide, intra-lath MX type carbide / nitride and high dislocation density [1-8]. High dislocation 
density obtained during normalization of the steel enhanced the strength of steel [1]. The mechanical properties of 
these steels are found to be sensitive to normalizing and tempering temperatures as well as times, which alter the 
microstructural constituents [4]. During service, tensile properties of the materials of the nuclear and thermal power 
plant components get degraded and hence the altered tensile properties of the degraded materials have to be known 
for life assessment. So determination of tensile properties of materials using miniaturized sample technique has been 
an active area of research. Ball indentation is one of such techniques in which specimen undergoes multiple 
indentations by a tungsten carbide or silicon nitride spherical ball indenter. The load applied is measured using load 
cell and the depth increment during the test is measured using linear variable differential transformer (LVDT). 
Using empirical relationship [9-11] load-depth curve is converted to true stress-true plastic strain curve. Thus yield 
strength (YS), ultimate tensile strength (UTS), strength coefficient (K) and strain hardening exponent (n) can be 
obtained even though the availability of the material is lesser, which is generally difficult using conventional tensile 
test. There are a number of parameters which may alter the tensile properties evaluated using the ball indentation 
technique. It includes the indenter diameter, indenter material, strain rate, % of indenter radius used for penetration, 
constraint factor of the material [12] and frictional effect [13]. Thus keeping the test parameters constant, the effect 
of aging on mechanical behavior of alloy 625 has been studied by Mathew et al. [10]. In the similar way the effect 
of various heat treatments on the mechanical properties of En24 steel has been studied by Ghosh et al. [14]. The 
automated ball indentation (ABI) technique can be efficiently used to study the mechanical properties at low 
temperatures [15]. The ABI results obtained were in good agreement with the results obtained in the conventional 
tests. Research has been carried out in order to study the effect of indentation pile up on the calculation of tensile 
properties since the pile up introduced the error in the measurement of the actual plastic diameter measurement [16-
18]. Furthermore, this method can be used to study the fracture properties of the material [19,20] and to characterize 
weldments and associated heat affected zone [12,21]. This technique is relatively rapid and simplifies the fabrication 
of test specimen. 
In the present investigation, the tensile properties of P92 steel has been studied using ball indentation 
technique and the results have been correlated with conventional tensile results. The results (YS, UTS, K and n) 
obtained from the ABI tests are found to be in good agreement with the results obtained from conventional tensile 
testing.  
2. Experimental Details 
The chemical composition of the P92 steel plate received used in this study was analyzed using spectro-
chemical analysis (ASTM-E-415-2008) and is given in Table 1. 
 
Table 1: Chemical Composition of P92 steel 
Element Cr C Mo W Nb Mn V 
Wt. % 9.38 0.114 0.506 1.94 0.075 0.388 0.215 
Element B N Al Cu P S Si 
Wt. % 0.0018 0.0417 0.0076 0.0162 0.0120 0.0035 0.0239 
 
The steel  has been subjected to an initial heat treatment of normalizing at 1323 K for 30 minutes followed 
by air cooling and tempering at 1053 K for 2 hours followed by air cooling. This heat treated steel has been 
considered as the as-received material in order to study the effect of tempering temperatures. Rectangular blocks of 
20 mm x 20 mm x 10 mm were prepared, normalized at 1353 K for 30 minutes followed by air cooling and 
subsequently tempered at 1013, 1033 and 1053 K for 1 hour followed by air cooling. 
Specimen for microstructure investigations has been prepared using standard metallographic technique. 
The specimens were etched with Villella’s reagent (1 gm picric acid + 5 ml HCl + 100 ml ethanol) to investigate the 
microstructures using optical (OM) and scanning electron microscope (SEM). The tensile properties of all heat 
treated steel blocks were evaluated using the ABI technique. Efforts have been taken to ensure that the sample 
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surfaces are well polished and parallelism was maintained. The ABI test parameters are shown in Table 2. 
Microstructural investigation (OM, SEM) on ABI tested specimens has been carried out by studying the top view 
and cross sectional view of the indentation by polishing till the exact diameter of the indentation was reached in 
order to study the microstructural changes at the depth of the indentation. The 2D and 3D surface profile of the 
indentations has been observed using an inductive gauge profilometry. 
 
Table 2: ABI test parameters 
 
  
For 2D profilometry study, the inductive gauge is set at the centre of the indentation and a line scan of scanning 
length 2 mm, 1 μm spacing with scanning speed of 50 μm/s is carried out. The inductive gauge move across this line 
and give the surface profile whereas in case of 3D profilometry instead of line scan a complete area of 1 mm x 1 mm 
with 1 μm spacing was scanned with scanning speed of 100 μm/s. 
3. Results and Discussion 
3.1 Microstructure 
 SEM micrographs of the as-received steel, and the steel normalized and subsequently tempered at various 
conditions are shown in Fig.1. The steel exhibits a tempered martensitic structure in 9 Cr steels with distinct prior-
austenite grain boundaries. The prior-austenite grain size of the as-received steel was ∼25 μm. The prior-austenite 
grain sizes of the steel normalized at 1353 K, and tempered at 1013, 1033 and 1053 K, were ~55, ~51 and ~50 μm 
respectively. Though the grain size of the as-received material is smaller than the heat treated material, the strength 
properties shown by the as-received material were inferior to the material normalized at 1353 K and subsequently 
tempered at different temperatures. In this case the role of solid solution strengthening offered by W, Mo and 
precipitation strengthening offered by Nb and V were predominant over the decrease in the strength due to the 
increase in the grain size of the material. The M23C6 precipitates were decorated on the prior-austenitic and sub-
boundaries, whereas MX precipitates were uniformly distributed within intra-lath regions [1]. The martensitic laths 
were oriented in one direction within the packet boundary which was present inside the prior austenite grains. The 
area fraction of precipitates has been analyzed at constant magnification using imageJ software. It has been found 
that the area fraction of the precipitates increases (~3.5% to ~5%) also the size of the precipitate increases from ~60 
nm to ~90nm (Fig.2a) for steel tempered at 1013 to 1053 K respectively. The lath width also increases with increase 
in tempering temperature as shown in figure 2b. ABI tests were carried out for all the samples at different test 
temperatures from 300 K to 923 K. The post test analysis is carried out in order to study the effect of tempering 
temperature on the indentation profile. Figure 3 shows the optical and SEM micrographs of the top (Fig.3a, c) and 
cross sectional view (Fig.3b, d) of the indentation. The indentation diameter and the surrounding deformed region 
can be very well observed in the top view. Cross-sectional view of the indentation shows the compressed grains at 
the deepest portion of the indentation and no cracks were observed at the bottom of the indentation. The material 
comes out at the surface and gets piled up at the edge of the indentation if the material deforms plastically, which 
increases the overall size of the indentation which might have been smaller in the absence of the pile up. The 
indentation diameter and the deformed region near the indentation for all the tested samples have been measured. 
Figure 4 shows the variation of indentation diameter with the test temperature for the sample normalized at 1353 K 
and tempered at 1013 K. The samples tempered at 1033 K and 1053 K showed the same behaviour with increase in 
the test temperature as in case of 1013 K. It was found that the diameter and the deformed region increased with the 
Material P92 steel Temperature (K)     300 to 923  
Atmosphere  Air Indenter material Silicon Nitride 
Indenter diameter (mm) 0.762 Constraint factor index 1.24 
Indenter Young`s modulus (GPa) 372 Material yield slope 0.27 
Sample Young`s modulus (GPa) 213.74 Number of unloading  8 with equal depth 
Indenter radius used (%) 24 Pre-load set point (N) 44.48 
Unload (% of max. load) 40 Indenter speed (mm/sec) 0.0079248 
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Fig. 3: Optical micrograph of indentation (a) top view, (b) cross sectional view, 
SEM image of indentation (c) top view, (d) cross sectional view 
3.2 Profilometry 
 The 2D surface profile of the ABI tested indentation has been carried out for sample normalized at 1353 K 
and tempered at 1013 K and 1053 K at room temperature and 923 K are shown in Fig.5. It was observed that pile up 
around the indentation increased with increase in test temperature (Fig.4). At room temperature the pile up height 
was ~10 μm while in the case of tests carried out at 923 K, it was nearly ~22 μm which resulted in the increased 
diameter of the indentation though the depth of penetration was kept constant while carrying out the experiment. 
The 3D view of the indentation surface profile carried out at room temperature and at 923 K is shown in Fig.6. 
  
 
      Fig. 4: Variation of indentation diameter and 
pile up height with test temperature.  
            Fig. 5: 2D Surface profile of indentation for 
the test carried out at RT and 923K. 
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Fig. 6: 3D Surface profile of AB
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Fig. 8: Effect of test temperature on (a) yield strength, (b) ultimate tensile strength,          
(c) strength coefficient and (d) strain hardening exponent. 
 
Also data obtained for conventional tensile tests are superimposed in the figure. The decrease in YS, UTS 
and K has been observed with increase in tempering and test temperatures. The extent of decrease in strengths 
increased with increase in test temperatures associated with higher plastic deformation. This is confirmed from the 
indentation diameter and pile up study as discussed earlier section. Similarly, YS, UTS and K values decreased with 
increase in the tempering temperature. The extensive decrease in strengths has been attributed to increase in the 
precipitate size and lath width due to increased tempering temperature. Since there was no significant change 
observed in the grain size of the material tempered at different tempering temperatures, there was no contribution of 
grain size effect on the strength of the material. As the precipitates coarsened their tendency to act as dislocation 
movement barrier has been decreased [1] which resulted in the decrease in strength with increase in tempering 
temperature. A little mismatch was observed in the strain hardening exponent values obtained from conventional 
tensile and ABI tests. The strain hardening exponent has been derived by fitting Hollomon equation to the 
conventional true stress-true plastic strain curve and the compressive stress strain data [22]. The compressive stress-
strain curve exhibited a nearly plastic behaviour with no strain hardening above 8% strain (Fig.7b), whereas strain 
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hardening was observed only for small values of strains. Due to this reason the average value of strain hardening 
exponent was found to be lesser in ABI test than the value obtained from the conventional tests. In conventional 
tests, the Hollomon equation was fitted to the data between true yield strength and the ultimate tensile strength 
where the maximum hardening has been taken place which resulted in relatively higher value of n. The strain 
hardening exponent is found to be decreased with increase in test temperature. The pile-up height can be directly 
correlated with the strain hardening exponent of the material. Researchers observed that the strain hardening 
exponent decreases with increase in pile-up height. This is confirmed from the effect of test temperature on the 
strain hardening exponent of P92 steel. It has been found that the increase in test temperature from room 
temperature to 923 K led to decrease in strain hardening exponent, which resulted in increased pile up with 
increased test temperature. The tensile properties evaluated using ABI technique has been well comparable with the 
properties evaluated using the conventional tensile test. The ABI technique can successfully be used to investigate 
the tensile properties of the material. 
4. Conclusions  
Tensile properties of P92 steel subjected to varying tempering temperatures in the temperature range 1013 
K to 1053 K has been evaluated using automated ball indentation technique.  
• Constraint factor and yield slope for conversion of load-depth data in to true stress-true plastic strain 
curves are 1.24 and 0.27 respectively for P92 steel for 0.76 mm silicon nitride indenter. 
• The yield offset parameter is 0, 7, 14, 21, 28, 34 and 41 MPa for 300, 423, 523, 623,723, 823 and 923 K 
test temperature respectively. 
• YS, UTS and K decreased with increase in test temperature associated with the increased plastic 
deformation of the material which is observed from the microstructural and profilometry study.  
• The decrease in YS, UTS and K with increase in tempering temperature has been attributed to coarsening 
of precipitate.  
• Strain hardening exponent decreased with increase in test temperature and increased with increase in 
tempering temperature.  
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